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Abstract - In this study, two methods, Auditory Evoked Potential 
(AEP) and bispectrum, based on EEG signal processing are 
employed in monitoring depth of anaesthesia. Auditory evoked 
potential is obtained using wavelet analysis in order to achieve a 
fast extraction. Both AEP and bispectrum methods show good 
relativity with the depth of anaesthesia. Besides, both methods 
are integrated in a software developed on a personal computer to 
help those non-specialists to apply the results easily. 
 
Index Terms - Depth of Anaesthesia, EEG, AEP, Bispectrum 
 
I. INTRODUCTION 
In order to maintain adequate depth of anaesthesia (DoA) 
during an operation, anaesthetists generally use clinical signs 
such as blood pressure, heart rate, eye movement etc. to assess 
DoA of a patient. Although being very popular in clinical 
practice, such an assessment is unreliable. The awareness, 
which may cause psychological impacts on patients especially 
on children, during anaesthesia has been reported in many 
studies. Therefore, a quantitative method of monitoring DoA 
is necessary during an general anaesthesia. Many researchers 
have been focusing on EEG analysis to develop a quantitative 
index to represent DoA, as EEG reflects the electrical 
activities of the cerebral cortex. 
Changes in middle latency auditory evoked potentials 
(MLAEP) have been shown to reliably reflect DoA with a 
wide range of anaesthetic drugs and to detect awareness. 
However, auditory evoked potential (AEP) waves are not 
available for auditory impaired patients. Bispectral index 
(BIS), derived from the EEG bispectrum, has been shown to 
predict movement in response to surgery and to detect 
consciousness when using a variety of anaesthetic drugs. 
Therefore this study is to combine the AEP and BIS methods 
to develop an accurate monitoring system for the DoA. 
 
II. METHODS 
A. Extraction of AEP signal 
The satisfying characters of audition as being last to 
disappear and first to recover during general anaesthesia have 
made AEP, particularly MLAEP, a powerful implement to 
monitor depth of anaesthesia. Being submerged in EEG 
background activity, AEP is usually extracted by moving time 
averaging (MTA) over a large amount of sweeps, usually over 
1000 sweeps. Such process is not only time-consuming, but 
might cause fatigue of the auditory nerves as well. Some 
studies reported an autoregressive model with exogenous 
input (ARX) to extract AEP within only 15 sweeps. However 
wavelet-transform provides a good feature of localization both 
in time and frequency domains. Therefore in this study a 
single sweep extraction of MLAEP using wavelet analysis is 
introduced. 
Since electro-physiological signals like EEG or AEP are 
non-stationary, a complete characterization of them in 
frequency domain must include time aspect. Wavelet analysis 
is a good time-frequency analysis method to achieve such 
requirement. In this study we use B-spline wavelet as the 
mother wavelet, due to its fine properties such as 
biorthogonality, symmetry, smoothness, compact support, 
good localization, and efficient implementation.  
The B-spline wavelets are the differential coefficients of 
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B-spline function. Since the zero-order B-spline function 
 
(1) 
 
is the eigenfunction on [-0.5,0.5], then the n-order B-spline 
function can be obtained by the convolution of the 
eigenfunctions: 
 
 
 
(2) 
 
Thus, the n-order B-Spline wavelets are defined under the 
resolution of 2-1: 
 
(3) 
 
(4) 
 
Table I shows the filtering coefficients of cubic B-spline 
wavelet for the fast algorithm of wavelet decomposition and 
reconstruction.  
TABLE I 
FILTERING COEFFICIENTS OF CUBIC B-SPLINE WAVELET 
 N h(n) g(n) rh(n) rg(n) 
-4 0 0 0 1.953125e-3 
-3 0 0 0 1.7578125e-2 
-2 6.25e-2 0 6.25e-2 7.2265625e-2 
-1 2.5e-1 0 2.5e-1 1.81640625e-1 
0 3.75e-1 -2 3.75e-1 -1.81640625e-1 
1 2.5e-1 2 2.5e-1 -7.2265625e-2 
2 6.25e-2 0 6.25e-2 -1.7578125e-2 
3 0 0 0 -1.953125e-3 
4 0 0 0 0 
 
The noise reduction coefficient mask is determined 
according to the character of AEP signal, because only 
MLAEP (from 10ms after the stimulus to 100ms) shows a 
significant coherence with the depth of anaesthesia. 
 
B. Calculation of BIS 
The calculation of BIS begins from sampled EEG data 
that is filtered to exclude high- and low-frequency artifacts 
and divided into epochs of 2-s duration. Then the signals are 
filtered to remove artifacts. The first phase of artifact handling 
uses a cross correlation of the EEG epoch with a template 
pattern of an ECG waveform. Next eye blink event are 
detected, again relaying on their stereo typical shape to match 
a template with cross correlation. Surviving sweeps are 
checked for wandering baseline, and if this is detected, 
additional filtering to reject low frequencies is applied. 
The bispectrum is calculated based on the Fourier 
transform of EEG data: 
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           are the values of EEG data at f1 and f2 in 
frequency domain. 
 According to previous study, the high frequency 
components of EEG signal (usually 40Hz to 47Hz) are 
attenuated during general anaesthesia. Therefore, the 
summations of bispectra of EEG signal with all frequency 
components and only high frequency components are 
calculated respectively. The logarithm of the ratio of these two 
summations (known as the SynchFastSlow) is used to 
quantitively assess the DoA: 
 
(6) 
 
Bx-y means the summation of the bispectra between x and y in 
frequency domain. 
Another frequency domain-based sub parameter 
"BetaRatio" is computed to assess the DoA as another index: 
 
(7) 
       
Px-y means the summation of the power spectra between x and 
y in frequency domain. 
 
III. RESULTS 
The DoA assessing system has two sets of bipolar 
electrodes to the patient’s head. One pair is placed on the 
vertex and the inion; the other is placed on the vertex and the 
mastoid. A forehead electrode is used as a reference. In the 
prototype system, a personal computer is used to control two 
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signal processors, one as a programmable auditory stimulator 
and the other for data acquisition. The auditory stimuli are 
delivered via insert headphones. The signal was digitized at 
1kHz. 
The raw signal is filtered by an adaptive filter 
(digitally-implemented) to eliminate the mains interference. 
Fig. 1 (a) and (b) show the power spectrum of EEG signal 
before and after the filtering respectively. 
 
(a) 
 
(b) 
Fig.1 (a) The power spectrum density of raw EEG data 
(b) The power spectrum density of filtered EEG data 
 
Then an extraction of AEP using MTA method is 
employed in order to make a comparison with the wavelet 
analysis. The MTA method uses 240 sweeps to extract an AEP 
signal. Fig. 2 shows that AEP single changes relatively with 
the process of anaesthesia, which is from no infusion to 
anaesthesia then to deep-anaesthesia and finally to being 
awake. Three AEP signals are shown in each period. Since the 
figure shows an MTA signal, the time is normalized to [0, 350] 
ms. 
 
Fig.2 AEP signals extracted by MTA method changing with the process of 
anaesthesia 
 Finally the wavelet analysis is implemented using cubic 
B-spline wavelet. Fig. 3 shows two different depths of 
anaesthesia also with time normalized to [0, 350] ms. 
 
 
 
 
 
 
 
 
 
Fig.3 AEP signals extracted by wavelet method changing with the process of 
anaesthesia 
 
Fig. 4 and Fig. 5 show raw EEG signals before and after 
infusion. Signals in time domain show no significant 
difference.  
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 Fig. 4 EEG Signals before infusion (SychnFastSlow = -7.8,  
B-Ratio = -1.92) 
 
Fig. 5 EEG Signals during aneasthesia (SychnFastSlow = -9.2, B-Ratio = 
-2.7) 
 
In comparison with the signals shown in time domain, 
the bispectra based on the analysis in frequency domain 
show significant differences in Fig. 6 and Fig. 7. 
 
 
Fig. 6 Bispectrum of EEG signals before infusion 
 
 Fig. 7 
Bispectrum of EEG signals during anaesthesia 
 
Fig. 8 shows that both BetaRatio and SychnFastSlow 
decline after the infusion and maintain a low level during the 
whole process of anaesthesia. At the end of anaesthesia both 
parameters increase with the awakening of the patient. 
 
Fig. 8 The changes of BetaRatio and SychnFastSlow during the whole 
surgery 
Furthermore, in order to integrate both methods, a 
software written in C++ is developed on a personal computer. 
Therefore, the depth of anaesthesia could be easily read by 
anaesthetists. Fig. 9 shows the interface of the software.  
 
Fig. 9 The interface of the software of monitoring depth of anaesthesia system 
 
IV. CONCLUSIONS 
Both AEP and bispectrum methods can be used to assess 
DoA well, as the results has shown their good characters 
during the anaesthesia. Wavelet analysis is an effective and 
practical way in the fast extraction of AEP signal. It is 
promising to integrate both methods to help anaesthetists to 
monitor the DoA of a patient during an operation. 
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